Recent research suggests that cervical screening of older women is associated with a considerable decrease in cervical cancer incidence. We sought to quantify the efficacy of cervical cytology screening to reduce death from this disease. Among enrollees of 2 US health plans, we compared Papanicolaou smear screening histories of women aged 55-79 years who died of cervical cancer during 1980-2010 (cases) to those of women at risk of cervical cancer (controls). Controls were matched 2:1 to cases on health plan, age, and enrollment duration. Cytology screening during the detectable preclinical phase, estimated as the 5-7 years before diagnosis during which cervical neoplasia is asymptomatic but cytologically detectable, was ascertained from medical records. A total of 39 cases and 80 controls were eligible. The odds ratio of cervical cancer death associated with screening during the presumed detectable preclinical phase was 0.26 (95% confidence interval: 0.10, 0.63) after adjustment for matching characteristics, smoking, marital status, and race/ethnicity using logistic regression. We estimate that cervical cytology screening of all women aged 55-79 years in the United States could avert 630 deaths annually. These results provide a minimum estimate of the efficacy of human papillomavirus DNA screening-a more sensitive test-to reduce cervical cancer death among older women.
Cervical cancer screening by means of cytology, or the Papanicolaou (Pap) smear, seeks to detect precancerous or cancerous cervical lesions prior to symptom onset. Research has consistently observed that cervical cytology screening is highly efficacious against invasive cervical cancer (ICC) incidence and death among women of reproductive age (1) (2) (3) . Data regarding the utility of screening older women for cervical cancer are limited. Analyses from Sweden and Finland suggest that participation in national organized cervical cancer screening programs is associated with 51%-64% reductions in cervical cancer incidence among older women (4, 5) . In the United States, data from Kamineni et al. (6) suggest that cervical cancer screening among women aged 55-79 years is associated with a 77%-79% reduction in cervical cancer incidence.
Whether cytological screening reduces ICC death to a similar degree as its apparent reduction of ICC incidence has not been well evaluated in older women. Screening may preferentially detect slow-growing lesions and/or those lesions that are treatment responsive, in which case screening would not be as efficacious in reducing ICC death as its apparent reduction of incidence (7) . However, 2 recent analyses suggest that cytology screening is associated with a substantial mortality benefit for older women. A case-only analysis of Sweden's cervical cancer screening registry found that women aged 66 years or older at diagnosis experienced a 36% increase in long-term survival if their cancers were detected by screening rather than clinically (8) . A Finnish case-control study observed that the receipt of a negative Pap smear in the national screening program was associated with reduced cervical cancer death among women aged 55-69 years (9) . Nonetheless, limitations in the information available from these national registries-such as lack of data on the presence of signs and/or symptoms at the time of each Pap smear, hysterectomy status, potential confounders, and the receipt of "opportunistic" smears outside national screening programs-restrict the conclusions that can be drawn from these results.
We sought to quantify the efficacy of cervical cancer screening to reduce cervical cancer death among older American women.
METHODS

Study design
In this population-based case-control study, we compared cervical cytology screening histories of women who died of cervical cancer (cases) to those of a sample of women at risk of cervical cancer who were otherwise similar (controls) from 2 health plans in the US Pacific Northwest. Receipt of cervical cancer screening during the presumed detectable preclinical phase (DPP) of cervical cancer development was the primary exposure (bolded along the x-axis in Figure 1 ). For cervical cytology screening, the DPP begins when a premalignant lesion is detectable by cytology and ends with the onset of clinical signs or symptoms of ICC. A deficit of screening among cases relative to controls should be observable during this period if the test is beneficial (10, 11) . Inclusion in the analysis of periods prior to or after the DPP attenuates the estimated benefit (10, 12) .
Operationally, we first ascertained for each case the date of onset of clinical signs or symptoms that led to the diagnosis of cervical cancer (the index date) by means of a standardized medical record review. Cervical cancer signs or symptoms were defined as postmenopausal bleeding, postcoital bleeding, vaginal bleeding, nonspecific bleeding, abdominal pain, vaginal discharge, weight loss, obstructive uropathy, or ascites in the 12 months prior to cervical cancer diagnosis. If a case was screen detected, the screening date was the index date. The index date for each control matched that of her respective case. Second, whether a subject was screened for cervical cancer in the 7 years prior to the index date was ascertained from the medical records. Only screening tests (i.e., those performed in the absence of cervical cancer signs or symptoms) that occurred within 7 years before the index date were included in the analysis, because ICC incidence among Pap smear-negative women aged 55-79 years returns to that of unscreened women 5-7 years after a negative test. Numerous studies (6, 13, 14) have corroborated this 7-year estimate of the DPP for cervical cancer, though others have estimated that cervical cancer is detectable for up to 30 years (15) . If the true DPP began more than 7 years before the index date-that is, if cervical cancer precursors were detectable by Pap smear for more than 7 years prior to the onset of cervical cancer signs or symptoms-then undercounting of screening Pap smears would be relatively greater among controls; controls' screening is expected to have been relatively uniform during the case's DPP, whereas screening tests among cases would likely have occurred just prior to diagnosis, at the end of the DPP (Figure 1 ). Thus, if the presumed DPP was shorter than the true DPP, any difference in screening prevalence between cases and controls would be minimized, and the calculated odds ratio would underestimate the benefit of screening (10, 12) . Figure 1 . Screening during the detectable preclinical phase (DPP) of persons who died of their cancer (cases) and during the corresponding period among controls. The DPP is shown in bold along the x-axis. This figure assumes that the DPP is 7 years for all cases, that screening during the first 6 years of the DPP inevitably leads to the cancer being cured (i.e., odds ratio = 0), and that screening after that time is of no benefit to survival. Adapted from Weiss et al. (10) . 
Study population
Study subjects were identified from enrollees in 1 of 2 integrated health plans: Group Health, based in Seattle, Washington, and Kaiser Permanente Northwest (KPNW), based in Portland, Oregon, which together cover nearly 1.1 million individuals at present. Though these health plans' screening algorithms recently incorporated human papillomavirus (HPV) DNA testing to triage equivocal cytology results, the result of an HPV DNA assay did not influence whether cytology was performed during any portion of the study period. Because Pap smears were administered independently of HPV DNA testing, the use of HPV DNA testing does not undermine this study's ability to ascertain the benefit of cytology screening.
Cases were women who died of cervical cancer during 1980-2010 at ages 55-79 years. Cases were ascertained from the Cancer Surveillance System for Group Health enrollees ( part of the National Cancer Institute's Surveillance, Epidemiology, and End Results program) and from the Kaiser Tumor Registry for KPNW enrollees.
Controls were a sample of women aged 55-79 years enrolled in Group Health or KPNW during 1980-2010. To be a match, a control must have been enrolled in the health plan on her case's tumor registry diagnosis date (reference date). Matching was based on health plan, age (within 6 months), and duration of health plan enrollment prior to reference date (equal to or greater than that of the case by no more than 6 months). For both cases and controls, eligibility was restricted to women with 6 or more years of enrollment prior to the reference date, with no gaps in enrollment greater than 6 months. For Group Health controls, eligibility was restricted to women residing in the 13 western Washington counties surveyed by the Cancer Surveillance System. Eligible controls were ordered in terms of how well they were matched to the case, measured as the sum of the number of days between the case's and potential control's 1) birth dates and 2) health plan enrollment dates. The 2 potential controls with the lowest sums of these 2 numbers were selected for medical record review. Upon review, any potential control who had a hysterectomy prior to the reference date or who had evidence of receiving any health care outside the health plan was excluded and replaced with the next best-matched control, until 2 eligible controls with intact cervices were identified per case.
Cervical cancer screening history was recorded from medical records using a standardized medical record abstraction database developed with Microsoft Access, version 11.5, software (Microsoft Corp., Redmond, Washington). The reasons for the test, whether diagnostic or screening in nature, were ascertained for each Pap smear; only screening tests were included in the analysis (i.e., those performed in the absence of ICC signs or symptoms). Data on potential covariates were obtained from the medical record, including marital status, body mass index (weight (kg)/height (m) 2 ), smoking history, race/ethnicity, parity, menopausal status, oral contraceptive use, and immunosuppressive status. Data were not available on sexual history or HPV infection. The institutional review boards at Group Health and KPNW each approved the study protocol.
Statistical analysis
Multivariate logistic regression was used to quantify the odds ratio of cervical cancer death associated with screening during the DPP, adjusting for matching variables and covariates that were associated (P < 0.10) with case status. Unconditional logistic regression was used because matching variables were easily quantified and conditional logistic regression would have decreased study efficiency (16, 17) . Because the observed effect of screening may differ with estimated DPP length (10), sensitivity analyses were performed by varying the DPP duration in 6-month intervals from 5 to 7 years prior to the index date. Three exploratory analyses were planned: 1) stratification by age at diagnosis into less than 65 years or 65 years or older, the age at which the US Preventive Services Task Force (Rockville, Maryland), the American Cancer Society (Atlanta, Georgia), and the American Congress of Obstetricians and Gynecologists (Washington, DC) recommend cessation of screening for most women (18) (19) (20) , 2) stratification by year of diagnosis (1999 or earlier vs. 2000 or later), because a major advance in cervical cancer treatment-the addition of chemotherapy to radiation therapy-based treatment-occurred in 1999 (21), and 3) restriction to cases with squamous cell carcinoma (SCC), because cytology screening may be more efficacious in preventing SCC than adenocarcinoma (22) .
All statistical tests were 2-sided. The primary data analysis software used was Stata, version 12.0 (StataCorp LP, College Station, Texas).
RESULTS
Among 47 potentially eligible cases, 4 were excluded because no medical records were available, and 3 were excluded because they had likely received care outside the health plan. Among controls with sufficient enrollment duration, the most common reason for exclusion was evidence of hysterectomy before the reference date (n = 69), followed by lack of availability of medical records (n = 18), and documentation of outside health care (n = 16). These exclusions left 40 potential cases, and 80 controls were identified as eligible for inclusion in the study. After medical record abstraction, 1 case with less than 6 years of prediagnosis enrollment was excluded, leaving 39 cases and 80 controls available for the analysis.
There were no appreciable differences between cases and controls in most measured demographic characteristics (Table 1) . A majority of study subjects (61%) were younger than 65 years at diagnosis; half of cases (49%) were younger than 65 years at death. Cases were more likely to be current smokers at the time of diagnosis (31%) than were controls (14%), and cases had higher body mass index values than controls (32% vs. 15% with body mass index ≥35). The overwhelming majorities of both cases (95%) and controls (97%) were white. Controls were more likely than cases to have been married at the reference date (68% vs. 56%). Cases were more likely than controls have had 3 or more births (72% vs. 50%). Among cases, the most common cervical cancer Screening histories differed substantially between cases and controls. In the 7 years prior to the index date, 51% of cases and 81% of controls received cervical cytology screening. The univariate odds ratio associated with 1 or more screens was 0.24 (95% confidence interval (CI): 0.10, 0.56) ( Table 2 ). After adjustment for covariates (smoking status, marital status, and race/ethnicity), screening was associated with a 74% reduction in cervical cancer death (odds ratio (OR) = 0.26, 95% CI: 0.10, 0.63). Inclusion of all measured covariates did not alter the magnitude of the association (OR = 0.26, 95% CI: 0.09, 0.77).
Exclusion of 10 subjects with less than 7 years of enrollment prior to the reference date did not affect the magnitude of the calculated odds ratio (adjusted OR = 0.26, 95% CI: 0.10, 0.67). In sensitivity analyses, the length of the DPP was varied from 5 to 6.5 years prior to the index date ( Table 3 ). As the DPP shortened, the magnitude of the risk estimate was not appreciably affected. Similarly, the use of conditional logistic regression did not alter the primary odds ratio (Table 2 ) substantively (adjusted OR = 0.25, 95% CI: 0.09, 0.68), nor did it substantively alter the interpretation of any other analyses.
In the first exploratory analysis, associations did differ somewhat by age (<65 years vs. ≥65 years at reference date; Table 4 ), but a reduced risk associated with screening was present in both age groups. Second, when subjects were stratified by year of diagnosis (1999 or earlier vs. 2000 or later), the reduction in cervical cancer death associated with screening was similar during the 2 intervals (Table 4 ). Finally, restriction to cases with SCC tumor histology (n = 20) yielded a lower adjusted odds ratio (OR = 0.13, 95% CI: 0.03, 0.54) ( Table 5 ). 
DISCUSSION
In this study, we observed that cervical cancer screening by cytology during the DPP, estimated as the 7 years prior to symptom onset or screen-detected diagnosis, was associated with a 74% reduction in cervical cancer death among women aged 55-79 years at death. This reduction is nearly identical to the estimate by Kamineni et al. (6) of efficacy with respect to incidence (77%) from the same 2 health plans and during a similar time period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) . The similarity between the 2 estimates suggests that cervical cytology screening in older women does not preferentially detect slow-growing and/or treatment-responsive lesions.
This study was designed to answer a direct and interpretable question of public health significance. Outcome and exposure data were drawn from valid sources: established tumor registries and medical record review, respectively. Previous (Portland, Oregon) ), duration of enrollment prior to diagnosis (continuous, in months), and age (continuous)).
b Adjusted for matching variables, plus those that were significant in the full model (P < 0.10): smoking status (never smoker, nonsmoker, former smoker, current smoker), marital status (never married, married, divorced, widowed, separated, unknown), race/ethnicity (white, Hispanic, Asian, unknown). Abbreviations: CI, confidence interval; OR, odds ratio. a Adjusted for matching variables, plus those that were significant in the full model (P < 0.10): smoking status (never smoker, nonsmoker, former smoker, current smoker), marital status (never married, married, divorced, widowed, separated, unknown), race/ethnicity (white, Hispanic, Asian, unknown). Abbreviations: CI, confidence interval; DPP, detectable preclinical phase; OR, odds ratio. a The interval during which screening was considered was varied in 6-month intervals, from 6.5 years prior to index date to 5 years prior to index date. b Adjusted for matching variables, plus those that were significant in the full model (P < 0.10): smoking status (never smoker, nonsmoker, former smoker, current smoker), marital status (never married, married, divorced, widowed, separated, unknown), race/ethnicity (white, Hispanic, Asian, unknown).
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Am J Epidemiol. 2014;179(9):1107-1114 research has repeatedly documented that the medical record is a more accurate source of Pap smear screening history than self-report (23) (24) (25) (26) . Unlike in prior studies addressing this research question (8, 9) , in this study we ascertained hysterectomy status and the presence of cervical cancer signs and/or symptoms at the time of each cytology test, and women who had any evidence of care outside the health plan were excluded in an attempt to ensure that complete exposure information could be ascertained. The results were robust; when subjects with less than 7 years of enrollment prior to the reference date were excluded, or the length of the DPP was shortened, results did not change meaningfully. Further, the observed 74% decrease in cervical cancer death associated with screening may actually be an underestimate if the DPP duration is truly longer than 7 years (10, 12) .
Given the small number of total cases in the main analysis, the precision of the 3 prespecified exploratory analyses was limited. First, although the efficacy among women aged 65 years or older was less than that among women under 65 years of age, the confidence intervals of these estimates preclude any strong inferences about the differential efficacy of cytology screening by age. Indeed, other cervical screening studies have observed that screening efficacy is not attenuated and may actually increase with age among older women (3) (4) (5) (6) , though the differences in risk estimates by age were not of large magnitude (nor statistically significant), and these studies examined the outcome of incidence rather than death. The 2 studies that examined cervical cancer death found comparable trends by age; Andrae et al. (8) observed a higher cure proportion associated with screen detection among women aged 66 years or older compared with those aged 23-65 years (36%, 95% CI: 11, 80 vs. 26%, 95% CI: 15, 36, respectively), and the results of Lönnberg et al. (9) were consistent with similar efficacy among women aged 55-69 years compared with women aged 40-54 years (OR = 0.29, 95% CI: 0.16, 0.54 vs. OR = 0.33, 95% CI: 0.20, 0.56). Second, the similarity of the odds ratios in the 2 time intervals, 1999 or earlier versus 2000 or later, supports the inference that improvements in cervical cancer treatment-primarily, the addition of chemotherapy to radiation-based treatment regimens-have not rendered screening relatively less efficacious with respect to death. Third, the somewhat higher efficacy observed for SCC cases corroborates other studies' conclusions (22, 27) that cytology screening is likely more efficacious at detecting SCC than adenocarcinoma.
This study did have limitations. No data were available on sexual history or HPV, the etiological agent of cervical cancer (28) . However, neither of these variables is routinely ascertained for postmenopausal women; therefore, neither is likely to influence a clinician's decision to screen for cervical cancer. During the study period, clinical screening guidelines at Group Health and KPNW did not include ascertaining high-risk HPV status. These guidelines did consider age at sexual debut, but this influenced only age at screening initiation, not cessation. For these reasons, lack of ascertainment of sexual history and HPV status are not likely to confound the measured odds ratios. Smoking is the most plausible confounder, because it is a strong ICC risk factor (29) . Smoking status was ascertained for all subjects. Second, the 7-year estimate of the DPP of cervical cancer screening by means of cytology may underestimate the true DPP. However, data from the United Kingdom (14) , the United States (6) and a worldwide analysis (13) indicate that 1 or 2 negative Pap smears predicts low risk of disease for no more than 7 years, and sensitivity analyses in this study did not indicate that shortening the DPP duration affects the odds ratio substantially (Table 3 ). If cervical cancer or its precursors were detectable via Pap smear for more than 7 years prior to the index date, a greater proportion of screening Pap smears would be missed among controls than among cases (Figure 1 ), minimizing any difference between the comparison groups and thus attenuating the odds ratio (12) . Finally, this study could not address the impact of recent screening as a function of the adequacy of screening earlier in life, because data on screening prior to health plan enrollment were not available. However, previous research indicates that older women experience a low incidence of cervical cancer for no more than 7 years following 1 or 2 negative Pap smears (6, 13, 14) . Further, the cure proportion did not differ with prior cytology screening history among women aged 66 years or older at diagnosis (8) . Thus, it is reasonable to infer that the results of the present study are applicable to older women regardless of prior Pap smear screening history.
Irrespective of the study's strengths and the robustness of its results, some may consider its research question obsolete. Cytological screening will most likely decline in favor of HPV-based screening because of its superiority over cytology in the 2 characteristics that influence test efficacy (7); HPV DNA testing can detect ICC risk for a longer period than cytology (30, 31) , and its sensitivity is an absolute 40% higher than that of cytology (32, 33) . Thus, the relationship between these screening modalities' efficacies is knowable-the efficacy of HPV-based screening is expected to exceed that of cytology, all things being equal. Analysis of extant data on cytology screening, therefore, may offer a minimum estimate of HPV-based screening efficacy among older women. However, screening by cytology alone remains acceptable under all current guidelines, and Pap smears continue to be widely used (18, 19, 34) . Further, a study to evaluate the efficacy of HPV DNA testing among older women will not be possible for years after an HPV DNA-based screening program is implemented, until a sufficient number of deaths have Abbreviations: CI, confidence interval; OR, odds ratio. a Adjusted for matching variables, plus those that were significant in the full model (P < 0.10): smoking status (never smoker, nonsmoker, former smoker, current smoker), marital status (never married, married, divorced, widowed, separated, unknown), race/ethnicity (white, Hispanic, Asian, unknown).
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Am J Epidemiol. 2014;179(9):1107-1114 occurred to make meaningful comparisons on the basis of prior HPV DNA screening history. Until such data are available, this study's results may shed light on the potential efficacy of an HPV-based screening program to prevent cervical cancer death among older women. In effect, the present study provides insight into whether to screen older women, not the best modality to do so.
In the meantime, cancer screening guideline groups acknowledge that lack of evidence hampers their ability to make evidence-based recommendations for cervical cancer screening in older women. The present study addresses this research gap. On the basis of this study's odds ratios and the screening prevalence among the cases, and assuming the observed association is causal, 36.2% of cervical cancer deaths among women aged 55-79 years in the United States, or approximately 630 deaths per year (35) , could have been averted by screening in the 7 years prior to symptom onset or screendetected diagnosis. It is likely that a larger number of deaths could be averted with an HPV-based screening strategy.
The results of this study, in conjunction with those from previous analyses, suggest a potential benefit of extending screening guidelines to include women older than 65 years. Cervical cytology screening is not without harms, such as invasive diagnostic procedures, short-term psychological distress, and overdiagnosis (19) . If, after quantification of the potential harms of screening older women, they are deemed to be outweighed by the potential benefits, national guideline groups could consider an expansion of the age group for which cervical cancer screening is currently recommended.
